Abstract: Genetic testing for Alzheimer disease includes genotyping for apolipoprotein E, for late-onset Alzheimer disease, and three rare autosomal dominant, early-onset forms of Alzheimer disease associated with different genes (APP, PSEN1, and PSEN2). According to researchers, patents have not impeded research in the field, nor were patents an important consideration in the quest for the genetic risk factors. Athena Diagnostics holds exclusive licenses from Duke University for three "method" patents covering apolipoprotein E genetic testing. Athena offers tests for apolipoprotein E and genes associated with early-onset, autosomal-dominant Alzheimer disease. One of those presenilin genes is patented and exclusively licensed to Athena; the other presenilin gene was patented but the patent was allowed to lapse; and one (amyloid precursor protein) is patented as a research tool. Direct-to-consumer testing is available for some Alzheimer disease-related genes, apparently without a license. Athena Diagnostics consolidated its position in the market for Alzheimer disease genetic testing by collecting exclusive rights to patents arising from university research. Duke University also used its licenses to Athena to enforce adherence to clinical guidelines, including elimination of the service from Smart Genetics, which was offering direct-to-consumer risk assessment based on apolipoprotein E genotyping. Genet Med 2010:12(4):S71-S82.
A s the most common form of dementia, Alzheimer Disease (AD) currently afflicts Ͼ5 million Americans, a number expected to increase to 16 million by 2050. 1 Total estimated costs of health care for AD were $33 billion in 1998; increasing to $61 billion by 2002. 1 Because it strikes so many and costs so much, it is important to understand whether and how patenting and licensing practices might affect the millions of people who will be concerned about genetic risks associated with AD.
AD as currently classified has several forms. Two are relevant to genetic testing. A small percentage of AD cases arises in family clusters with early onset. Familial early-onset AD (EOAD) is usually caused by an autosomal dominant mutation in one of the three genes: PSEN1 (chromosome 14), PSEN2 (chromosome 1), or APP (chromosome 21). A person with one of these fully penetrant mutations will contract the disease if they live long enough, usually developing symptoms before the age of 60 years. These families are rare, but the 50% risk of each child of an affected member means that these tests can be important for those at risk.
The majority of people who develop AD have the late-onset AD (LOAD), which has only one clearly established and robust genetic risk factor known as APOE (the gene that encodes the protein apolipoprotein E). Those who inherit the ⑀4 allele from one parent have an elevated risk of developing AD, and those who inherit ⑀4 alleles from both parents have a markedly elevated risk (up to an odds ratio of 16 relative to the population average for Caucasian males, for example). Recent studies based on genome-wide association with markers suggest there may be other genetic risk factors, but the next most significant locus after APOE, on chromosome 12, is many, many orders of magnitude less predictive. 2 The high-risk ⑀4 genotype is not necessary to predict or diagnose AD. Although the APOE genetic test is used in a relatively small fraction of LOAD cases, the much larger number of LOAD cases means it is more frequently used than the genetic tests for PSEN1, PSEN2, or APP.
Patents relevant to genetic testing for all four genes have been granted in the United States. The patenting landscape is complex. The APOE gene itself is not patented, nor are mutations or polymorphisms, but testing to predict Alzheimer risk is the subject of three "methods" patents issued to Duke University and licensed exclusively to Athena Diagnostics. PSEN1 and PSEN2 gene sequences or methods have been patented and exclusively licensed to Athena Diagnostics. Amyloid precursor protein (APP) is the subject of several patents for making animal models, but not of a sequence patent per se. Athena offers genetic testing for PSEN1, PSEN2, APP, and APOE. When this case study was first prepared in summer 2007, testing for PSEN2 and APP was not listed on the website of Athena, and clinicians did not know about a CLIAcertified laboratory offering such testing, but starting February 2008, these tests were offered by Athena.
Direct-to-consumer APOE testing was available MarchOctober 2008 through Smart Genetics. Smart Genetics ceased offering APOE risk assessment for AD to consumers in October 2008. 3 Direct-to-consumer APOE testing remains advertised through the website of Graceful Earth, and APOE ⑀4 status is indirectly assessed by at least one of the "personal genomics" firms (see below).
BACKGROUND
AD accounts for 50% to 70% of all cases of dementia. Even without genetic factors, the lifetime risk of AD in the general population is estimated at 15%, with prevalence of the disease doubling every 5 years after the age of 65 years, so that nearly 40% of the population aged 85 years and older has AD. 4 The most common symptom is gradually worsening memory loss, especially short-term memory, learning, and new memory formation. As the disease advances, victims typically experience confusion and disorientation, impaired judgment, and difficulty speaking and writing. Eventually patients with AD lose their ability to do simple everyday tasks such as bathing, dressing, and eating. Ultimately, those with AD reach a point where they no longer recognize family and friends, lose the ability to communicate, and become bed bound. 1 AD is incurable and fatal, although the average patient can expect to live 8 to 10 years beyond the initial appearance of symptoms. 5 Some live far longer.
The neuropathology of AD consists of plaques of betaamyloid protein deposited in the brain and neurofibrillary tangles of another protein called tau inside nerve cells. 6, 7 Scientists and clinicians debate whether the plaques and tangles are the cause or the result of cell death. Most researchers now ascribe to the "amyloid cascade" hypothesis, which postulates that the accumulation of A-beta amyloid is toxic to nerve cells. Elucidating the pathogenic pathway and developing new leads for treatment are extremely active areas of research. Other abnormalities in the brain of a person with AD can include inflammation and oxidative stress. 6 Although correct diagnosis of AD has improved greatly since its discovery, approaching or exceeding 90% in academic centers, 8 the gold standard for AD is autopsy confirmation, when the brain can be examined for the telltale plaques and tangles, combined with a clinical history of dementia. 7
Early-onset AD
EOAD accounts for Ͻ3% of all AD cases, which amounts to Ͻ50,000 people in the United States. 7, 9 Some inherited cases are missed. Early-onset cases lacking family history may truly lack inherited risk, or the family history may have missed past cases for one of many reasons. Current classifications have only been in place for the past 3 decades in a disease with late onset in life, and with few autopsies performed to give definitive diagnosis. Until recent decades, premature deaths (before usual AD onset) were common, so those dying might have developed dementia had they lived long enough. Or affected cases may have died with dementia but it was not reported as the cause of death, nor recorded in family records. Moreover, expectations of "senility" were common, so that those developing symptoms were often not understood to have disease-related dementia. Family history of past cases is thus even more uncertain than for most other conditions.
Familial EOAD (or EOFAD) is usually caused by autosomal dominant mutations in the APP, PSEN1, or PSEN2 genes, although there are additional families with autosomal dominant inheritance pattern in which no mutation has yet been identified. 7 In families with autosomal dominant EOAD, each child of an affected parent has a 50% chance of also having the mutant gene, and therefore developing EOAD if they live long enough. On genetic testing, sometimes a new EOAD family reveals a mutation in one of the three known genes; other times no mutation is found to explain the inheritance pattern and testing is inconclusive. 7 In one of the larger studies of EOAD families to date, mutations in the PSEN1 gene accounted for 66% of EOAD families, mutations in APP for another 16%, and 18% were unknown. 10 (Note these numbers are for familial cases, not sporadic ones. EOAD is not always inherited and genetic testing has a low yield in nonfamilial cases.)
Amyloid precursor protein
The APP was discovered in the 1980s. 11, 12 A mutation in the gene encoding this protein was the first to be linked with AD, in 1991. 13, 14 The APP gene resides on chromosome 21 and contains at least 36 mutations, of which 30 are believed pathogenic. 14 However, this is an extremely rare cause of AD, affecting only approximately 30 known families worldwide. Age of onset ranges from 39 to 67 years. APP-related disease can be influenced by the individual's APOE genotype, the gene that plays a role in LOAD. 15 Generally, those with an APP mutation and the ⑀4 high-risk allele of APOE have an even earlier age of onset than relatives with APOE-⑀2 or -⑀3. 9
PSEN1
Presenilin-1 mutations are the most common among the three known EOAD-associated genes. PSEN1 mutations account for the majority of EOAD cases where onset is before 50 years of age. Discovered in 1992, PSEN1 is located on chromosome 14 and harbors Ͼ180 different mutations of which 173 are believed pathogenic. 14 Victims of such mutations generally have more severe clinical syndromes, such as earlier onset of seizures and language disturbance, than those with mutations in APP or PSEN2 genes. 4 AD associated with PSEN1 has onset between ages 28 and 64 years, with an average age of onset of 45 years. 15
PSEN2
The PSEN2 gene that encodes the presenilin-2 protein was discovered quickly after PSEN1 because of its similar DNA sequence. It is known as "the Volga German gene" since mutations in PSEN2 were isolated on chromosome 1 in a group of apparently related German families that settled in the Volga River region of Russia before coming to the United States, where their mutation was subsequently discovered. 16 Mutations in PSEN2 are extremely rare, having only been identified in one familial group. The average age of onset is 52 years (with a wide range from 40 to 75 years) with APOE ⑀4 again associated with somewhat earlier onset. 7, 16 Twenty-two mutations in PSEN2 have been reported, 14 of which are deemed pathogenic. 14 
Late-onset AD
LOAD is associated with both genetic and other risk factors. Although the primary risk factors are age and family history, other factors such as susceptibility genes, exposure to toxins, previous head injury, female gender, and low level of education may also play a part. 5 
Apolipoprotein E
APOE is a cholesterol transport protein (generally written APOE for the gene, and ApoE or apoE for the protein). ApoE protein is encoded by a gene on chromosome 19. There are three common alleles, ⑀2, ⑀3, and ⑀4. In the general population, APOE ⑀4/4 represents approximately 2%; 3/4 represents 21%; 3/3 represents 60%; 2/3 represents 11%; 2/4 represents 5%; and 2/2 represents Ͻ0.5%. 17 APOE ⑀4 is associated with an increased risk of AD, whereas APOE ⑀2 acts as a mildly protective factor. Persons with APOE ⑀4/ ⑀4 have increased risk-Ͼ16-fold higher among white men at peak relative risk-and they have earlier age of onset than individuals with only one ⑀4 (3-fold higher risk in white men). Individuals with only one ⑀4 have a higher risk and earlier onset, in turn, than those with no ⑀4 alleles. (There are some variants among the ⑀3 alleles themselves also, although risk curves for subsubgroups have not been developed for clinical use in detail.) The median onset among those homozygous for ⑀4 (⑀4 /⑀4) is before 70 years of age, whereas among those who develop AD with the ⑀2/⑀3 genotype, the median age of onset is Ͼ90 years. 7, 17 Ashford 18 estimated that approximately 50% of the risk of AD is attributable to APOE genotype. Yet APOE is neither necessary nor sufficient to predict or diagnose AD. 7 "Although AD occurs in many patients who carry the [APOE ⑀4] allele, a significant number of carriers do not get the disease. In addition, only about half of patients with LOAD have the [APOE ⑀4] allele." 15 By the age of 90 years, it is rare to identify ⑀4/⑀4 individuals without onset of dementia. Relative odds of developing AD based on the three alleles differ according to sex and race. 7, 19 Other possible genetic influences Because AD affects so many people, research in the field is abundant, to the point that in 2004, Bertram and Tanzi 8 published "more than 10 genes are reported to show either positive or negative evidence for disease association per month." In 90 studies reporting 127 association findings in 2003, only three associations between candidate genes and AD were confirmed by three or more independent studies. These loci occurred at chromosomal locations 6p21, 10q24, and 11q23. 8 The recent turn to genome-wide association methods has turned up some signals, but all are far weaker than the APOE genotype. 2 Nothing conclusive has been determined, however, so APOE remains the only established clinically significant susceptibility gene for LOAD.
The vast majority of contributions to the Human Genome Mutation Database and Alzheimer and FTD Mutation Database, which catalog AD mutation research, comes from academic research centers, and not from Athena Diagnostics, in contrast to the heavy contribution of Myriad Genetics to the analogous mutation database for BRCA1/2 mutations. Athena Diagnostics presumably tracks utilization of its various genetic tests as part of its royalty agreements, but these data are not publicly reported. Thus, the system of studying AD relies primarily on clinicians and academic researchers rather than family studies conducted or carried out by Athena.
PATENTS AND LICENSING
Athena Diagnostics has exclusive licenses to three APOE patents, all of which were granted to Duke University: U.S. 5508167, U.S. 5716828, and U.S. 6027896. The first and third patents have methods claims and the second claims a testing kit. The methods claims are based on APOE genotype (both direct and indirect determinations) and "observation" of AD risk. These may be claims of the type that the October 2008 decision of the Court of Appeals for the Federal Circuit In re Bilski cast into doubt. 20 The Court of Appeals for the Federal Circuit states, "A claimed process is surely patentable under [Sec.] 101 if: (1) it is tied to a particular machine or apparatus, or (2) it transforms a particular article into a different state or thing." 20 Duke's patents have not been challenged under this standard.
According to Dr. Allen Roses, first inventor on the patents, the patents were sought because of well-known chicanery in publication and reviewing in academic AD research at the time. The gene hunts for PSEN1, PSEN2, and APP were characterized by competitive races and nasty controversies, including conflicting claims of scientific priority (A. Roses, Duke University, personal communication, 2007). Allegedly, researchers delayed other scholars' articles in review, disputed data, and material sharing agreements to the extent that research was delayed, used other researchers' family pedigrees and clinical materials without permission, and withheld permission for the reuse of data and materials. These stories are recounted, in somewhat muted form, in Hannah's Heirs and Decoding Darkness. 16, 21 Dr. Roses noted other instances of dubious conduct. The first APP717 mutation reported in Nature in 1991 used two families, the larger of which was provided by the Roses Laboratory, but the patenting of the discovery and the submitted publication did not acknowledge this; similarly, the Roses Laboratory provided approximately one fourth of the patients for discovery of the PSEN1 locus, but was excluded from authorship of the publication (A. Roses, personal communication, 2007) .
Dr. Roses' solution to such problems for research on the APOE gene was to file a patent application for APOE screening to establish a documentary record. The Duke APOE patents were exclusively licensed to ensure that the genotyping was only done "for physicians who confirmed a finding of dementia . . . [and] we felt that we could monitor the activity better with one license" (A. Roses, personal communication, 2007) . Because APOE is neither necessary nor sufficient to diagnose AD, Dr. Roses indicated that the intention was to use the patent license from Duke to ensure that APOE testing would not be used as a presymptomatic screening test; it could only be used for patients already clinically diagnosed with dementia.
We have not been able to confirm these licensing terms, although we submitted questions to both Duke's Office of Licensing and Ventures and to Athena Diagnostics (see Appendix 1 for responses from Duke's Office of Licensing and Ventures). Athena initially sublicensed the APOE patents to Smart Genetics, which began offering direct-to-consumer genetic risk assessment for AD in March 2008. The test was widely advertised, including a March "survey" of consumers' willingness to undergo genetic testing through Parade magazine, the most widely circulated publication in the nation. 22 Allen Roses was asked to become a consultant of Smart Genetics, refused, and notified Duke University that it was his understanding the license for the patents on which he is first inventor permitted APOE testing only for those with a physician's certification of a diagnosis of dementia. Smart Genetics ceased operations in October 2008. 23, 24 An October 2008 report in Nature corroborates the cessation of Smart Genetics risk-assessment testing, and attributes it to licensing terms between Duke and Athena, although the licensing terms between Duke and Athena are not public. 3 "'The test was never intended to be used for wholesale screening of noncognitively impaired individuals,' adds Alan Herosian, director of corporate alliances for Duke University. He says he has contacted Athena many times in recent months to press this point. Michael Henry, Athena's Vice President of business development, wouldn't comment on whether the company agreed with this interpretation of its license. But Smart Genetics is no longer taking new orders for Alzheimer Mirror." 3 Athena Diagnostics has sent several notification letters to laboratories offering APOE testing, including one to the University of Pennsylvania to stop APOE testing. 25 Athena also licensed two patents for the presenilin genes. U.S. 5840540 covers the PSEN2 gene and mutations and U.S. 6194153 includes methods claims for PSEN1. These are two patents in a series of five on PSEN1 and PSEN2, four of which were assigned to the Hospital for Sick Children (HSC, Toronto) and the University of Toronto. They include U.S. 5986054 (covering the proteins of PSEN1), U.S. 6194153 (which Athena licensed), U.S. 6117978 (covering the proteins of PSEN2), and U.S. 6485911 (covering the methods of PSEN2). The remaining patent is U.S. 5840540, which Athena also licensed. It was assigned only to the HSC. What is noteworthy here is that Athena only licensed two of the patents and that the patents are two different types of patents. Athena exclusively licensed the gene (sequence) patent for PSEN2 and the methods patent for PSEN1. The Toronto group, under lead inventor-scientist Peter St. George-Hyslop, has another patent that seems to cover the PSEN1 sequence, called the Alzheimer-related membrane pro-tein in their patent (U.S. 6531586), but this does not appear on Athena's list of exclusively licensed patents. 26 Another patent, U.S. Finally, a search of patents in the Delphion patent database by Dr. Robert Cook-Deegan found 355 US patents with claims mentioning an Alzheimer-specific term (unpublished data from April 13, 2008) . The search included patents granted with "presenilin or PSEN1 or PSEN2 or Alzheimer or 'amyloid precursor'" in the claims. That search returned 355 granted U.S. patents. The same text terms returned 5172 patents and applications when the search was broadened to all fields, all jurisdictions in the Delphion database, and to both patents and applications. Many of these are clearly used for research methods, transgenic animal models, and other purposes, and do not bear directly on genetic testing. However, a few are of clear interest. For example, Perlegen has a patent application for "Genetic Basis of Alzheimer Disease and Diagnosis and Treatment Thereof" that claims a collection of polymorphic sites (US 2006/0228728 A1/WO06083854A2). Its initial claim is for an AD genotype profile, which includes APOE and APP along with many other loci associated with AD risk. Even though the patent application may not be granted, it indicates that multiplex testing for AD is being commercially pursued and is the subject of patent applications.
International patent landscape
For APOE, a patent application assigned to Duke University was filed with the World Intellectual Property Organization (WIPO), WO/1994/009155: Methods of Detecting Alzheimer Disease. This application lists Ͼ60 countries, but seems to have lapsed, been abandoned, or rejected in most nations. There are patents in New Zealand, Canada, Germany, and United Kingdom. The U.S. patents claim increased risk assessment in individuals, whereas the WIPO application claims "a method of diagnosing or prognosing AD in a subject, wherein the presence of an APOE type 4 (ApoE4) isoform indicates that the subject is afflicted with AD or at risk of developing AD" (WIPO Patent WO/1994/009155, claim 1). The Canadian Intellectual Property Office issued patent number CA 2142300 in August 2005, 12 years after the application was filed.
Three patent applications for the presenilin genes were filed with the WIPO: WO/1996/034099, WO/1997/027296, and WO/ 1998/001549. The first two were assigned to both the HSC and the University of Toronto, whereas the last patent was assigned only to the University. Four patents were granted in Canada. The first, CA 2200794, was assigned only to the University but the remaining three patents-CA 2219214, CA 2244412, CA 2259618 -were assigned to both HSC and the University of Toronto.
GENETIC TESTING
In the United States, AD testing is provided almost exclusively by Athena Diagnostics, which tests for LOAD using APOE, as well as EOAD using PSEN1, PSEN2, and APP genes. Smart Genetics announced on February 7, 2008 , that it entered an agreement with Athena Diagnostics to offer direct-toconsumer genetic testing for APOE. 27 Part of the service, called "Alzheimer Mirror," included educational materials, a saliva sampling kit, a post-test phone session with a genetic counselor, and ongoing support for managing test results. 28 Initially priced at $399 and later dropped to $249, the test incorporated data on ethnicity, gender, family history, and APOE genotype to assess an individual's AD risk. The testing was performed at a CLIAcertified laboratory. Although not claiming to predict with certainty whether or not one would develop AD, it was the only direct-to-consumer AD genetic test that included genetic counseling and further support for users. As of October 2008, the Alzheimer Mirror website was still open, but the company apparently ceased operations early that month, and the website was unavailable by January 2009. 23, 24 For $280, Graceful Earth, Inc., an online health alternatives website, promises "a genetic test . . . to accurately evaluate your risk for Alzheimer Disease and Atherosclerosis." 29 This is a direct-to-consumer test that does not require physician approval. Consumers send Graceful Earth a saliva sample. Genetic counseling is not listed as a service on the website of the company. There is no indication of a license from Duke or a sublicense from Athena Diagnostics on the website of Graceful Earth.
INSURANCE COVERAGE AND REIMBURSEMENT
In general, private insurers deem genetic testing as medically necessary when the following conditions are met: (1) family history shows a high likelihood of inherited AD risk; (2) sensitivity of the test is known; (3) the results have direct impact on treatment for the patient; (4) the diagnosis would be unclear without testing; and (5) in some cases, if pre-and post-test counseling is provided. 30 In the case of AD, the largest roadblocks to insurance coverage occur with the issues of direct impact on treatment (since AD is incurable). For LOAD, APOE genotyping has an unclear value for diagnosis. Insurance coverage would presumably increase if APOE genotyping became important in deciding among drug or other treatment choices. The cost of genotyping would then be offset by avoiding the use of drugs or treatments that would not benefit people with particular genotypes. Several developments in Alzheimer drug development have indicated that there is a possibility of using APOE status as a pharmacogenomic test. [31] [32] [33] Although approximately a dozen insurers have policies on testing for genetic markers of familial AD, none of the policies formally and explicitly covers the test. 30 BlueCross/BlueShield considers genetic testing to be investigational. Aetna also does not distinguish between EOAD and LOAD genetic testing. It concludes that all genetic testing for AD is experimental and investigational because the tests have not been shown to improve clinical outcomes of AD. 34 In July 2007, Kaiser Permanente stated that it would cover genetic testing if a doctor deemed it medically necessary (Kaiser Permanente, personal communication, 2007). As of November 2009, the website of the company says, "Most experts do not consider ApoE-4 testing a necessary or useful part of evaluating a person with suspected AD." 35 CIGNA HealthCare currently does not cover APOE genotyping because it is considered experimental, investigational, or unproven. 36 Alzheimer Mirror was not covered by insurance and, according to Smart Genetics, was priced for out-of-pocket payment.
In summary, testing for the rare early-onset familial forms is sufficiently rare that it seems to be usually handled case by case; testing for APOE has not apparently become a standard of care with regular coverage and reimbursement under health plans. If APOE genotyping predicted response to drugs or other treatments, then its use might substantially increase, it would become incorporated into clinical standards, and coverage and reimbursement would become routine.
CURRENT GENETIC TESTING GUIDELINES Early-onset AD
A 1998 consensus statement, based on work from Stanford University states, "At this time, genetic testing for AD is not appropriate for most people. Predictive or diagnostic genetic testing for people at high risk for carrying a highly penetrant mutation is an option that should be discussed, and that could reasonably be accepted or declined." 37
Late-onset AD
Testing is much more controversial for LOAD because of its inconclusive nature. Originally, Athena marketed the APOE testing as a predictor of AD but then backed away from it when several professional societies judged such testing as inappropriate. All scientific and governing bodies that have reviewed the matter advise against APOE genotyping as a predictive or screening test, especially for asymptomatic individuals. 4 These groups include the American College of Medical Genetics/ American Society of Human Genetics Working Group, the United Kingdom Alzheimer Disease Genetics Consortium, the Medical and Scientific Advisory Committee of Alzheimer Disease International, the National Institute on Aging and the Alzheimer Disease and Related Disorders Association. 4,38 -42 A 2008 literature review stated, "There is general agreement that APOE testing has limited value [when] used for predictive testing for AD in asymptomatic persons." 7 Although APOE genotyping can provide an increase in diagnostic confidence, diagnostic accuracy with current methods can already exceed 90%. Therefore, APOE is used as an adjunct diagnostic test for patients already presenting with symptoms of dementia. One study of LOAD diagnosis pooled pathologic confirmation data from Ͼ2500 patients from 26 Alzheimer research centers and concluded that "APOE genotyping does not provide sufficient sensitivity or specificity to be used alone as a diagnostic test, but when used in combination with clinical criteria it improves the specificity of diagnosis" to Ͼ97%. 43 This study is a decade old and is still one of the largest and most elaborate studies to date.
A series of studies of disclosing APOE genotype to relatives of those with AD has been conducted in a multicenter clinical research consortium based at Boston University. The Risk EValuation and Education for ALzheimer disease (REVEAL) study began in 2000 at Boston University, Case Western Reserve University, and Cornell University as a randomized trial of disclosing genotype and risk versus standard counseling and risk evaluation without genotype disclosure. (Several members of the original REVEAL team advised Smart Genetics. Robert Green, PI of the overall REVEAL study, is an unpaid consultant for several "personal genomics" firms and also for Smart Genetics.) The major article reporting results from REVEAL I was published in the New England Journal of Medicine. 44 REVEAL II expanded to include Howard University, and oversampled African Americans who also received counseling based on ethnicity-specific risk curves. The protocol for disclosure was abbreviated from REVEAL I. REVEAL III is ongoing, with the addition of University of Michigan (replacing Cornell/Weill Medical College) and a further streamlining of protocol and the inclusion of cardiovascular risk assessment. REVEAL did not study diagnostic use of APOE testing, but rather disclosure of risk information to relatives of those affected with AD. However, it did extensively use APOE genotyping. Athena Diagnostics performed the tests for the REVEAL trials at a deep discount. REVEAL is the largest clinical study of APOE genotyping, and as its results are reported, they will likely influence clinical use.
NONGENETIC SCREENING AND DIAGNOSIS OPTIONS
Because AD can appear in many ways, it is important that individuals, friends, family members, and family physicians be watchful for changes in an individual's symptoms. A symptom checklist is provided in Appendix 2. Appendix 3 contains criteria for diagnosis of Alzheimer type dementia. Appendix 4 contains an algorithm for dementia evaluation and diagnosis.
Clinical recognition of progressive memory decline is usually a first step in diagnosing dementia. A physical examination can help determine the specific cause of dementia, for example, those caused by vascular disease or Lewy body disease (although these often occur in combination with AD). 45 Physical examination should include evaluation of aphasia (speech), apraxia (motor memory), agnosia (sensory recognition), and executive functioning (complex behavior sequencing). Laboratory tests may be used to rule out other disorders such as hypothyroidism that can cause symptoms of dementia. 45 
Early-onset AD
Although not diagnostic, analysis of cerebrospinal fluid for the 42 amino acid form of ␤-amyloid may be suggestive of early AD. 45 (Tau levels are also measured. This is relevant to all AD and not just early onset.)
ROLE OF GENETIC TESTING
As noted earlier, with the exception of EOAD in descendants of affected individuals in high-risk, early-onset families, genetic testing for AD is not recommended at this time. Even for the small percentage of cases of EOAD, detection does not lead to reversal of the disease because there is no known cure for any form of AD. However, diagnosis can aid in increasing a patient's quality of life and facilitating planning for life care and financial needs. In addition, a positive genetic test can end the quest for a specific diagnosis. There is some indication that APOE ⑀4 is an indicator of poor response, especially in women, to acetylcholinesterase treatments, which has obvious implications for drug prescriptions. 46 
Life management
Diagnosis, especially in the earlier stages of AD, allows patients to make informed decisions about long-term finances, nursing care options, living wills, etc. Nonmedical treatments to improve quality of life such as support groups and increased exposure to music and art can help substantially on the individual level.
"Personalized genomics" and AD testing
Patents and intellectual property concerns could influence the direct-to-consumer "personal genomics" services that are springing up, although we have limited specific information about this. Two examples of how patents might emerge as important can help illustrate the possible future complexities: (1) patents on multiplex genetic testing (or "genomic profiling") and (2) enforcement of existing patents against multiplex testing. The Perlegen patent application noted above (U.S. 2006/ 0228728 A1/WO060838354A2) indicates that multilocus genetic testing is being contemplated commercially. It is also possible that existing patents on genes, mutations, and methods pertinent to genetic tests of many DNA variants associated with AD could be a future legal battleground, if new uses are found to infringe such patents (or if those wanting to use new methods choose to challenge the validity of claims in existing patents).
It is clear that some risk information about AD is being disclosed to at least some of those who use "personal genomics" testing services. The April 14, 2008, feature story in the Los Angeles Times opens with the author's receipt of APOE risk information about AD from Navigenics in the service that became available that week. 47 The test was based on a DNA base change linked to the APOE ⑀4 allele. The wording of the relevant claims of the Duke patents is highly convoluted and its interpretation would require legal expertise and might entail disagreement that would be settled definitively only if litigated to completion. We have asked both Duke and Athena about sublicenses for risk assessment consumer testing but have received no reply.
Navigenics has a page on its website with its gene patent policy, stating its willingness to license patents, with a formula for specifying royalties. 48 A crucial paragraph in that policy explains: "Because our service uses multiple single nucleotide polymorphisms (SNPs) to assess your genetic risk for a variety of conditions, it requires a new kind of licensing approach for gene patents. For example, if we obtain licenses from third parties to 10 patents, each covering the use of one SNP included in our service, and each subject to a royalty of between 1% and 5% of our net sales of the service, we would be required to pay between 10% and 50% of our net sales revenue-just for gene patent licenses! Now consider that the whole genome scanning platform currently used in the Navigenics Health Compass service analyzes approximately 900,000 SNPs and that for certain health conditions included in our service we look at Ͼ10 SNPs. Also note that this example does not include any up-front or milestone fees or annual minimum royalties, which make the traditional gene patent licensing approach even more untenable for this type of service." Their royalty model is specified as: "We have developed, with input from third parties, a universal royalty model for licensing gene patents for services such as the Navigenics Health Compass. In this model, royalties payable to a hypothetical Party X for a license to patents covering one or more SNPs used by the service to assess risk for hypothetical Condition Y would be calculated as follows: 5% of Net sales x ([number of licensed SNPs for condition Y/total number of SNPs for condition Y]/number conditions in service)."
If there were a license, then presumably Athena and Duke would receive a royalty stream. If there were no such license, then the Duke patents might be enforced against the testing firms, which would either lead to settlement or litigation. Athena might choose not to enforce its patents against personalized genomics firms, however, if it judged that personal genomics services would drive business to their AD testing service for confirmation in a CLIAcertified laboratory. It is also unclear whether multiplex testing along the lines implied by the Perlegen patent application would require a license for the AD-associated genes and mutations covered by patents.
One interesting sidelight on the personal genomics business models is AD risk assessment by deCODEme. The Duke patent was licensed to Athena with worldwide exclusive rights, but Duke did not secure patent rights in Iceland. Therefore, DeCODE is not infringing the patent by carrying out the tests there, and courts would have to decide whether importation of information (test results) back to the United States would constitute infringement of patent claims.
LESSONS LEARNED
EOAD is important in those families at risk but such families are rare, and thus the market for such testing is small. During the period when it was not clear whether testing for PSEN2 and APP were even being offered, families faced an access problem, but not one specifically attributable to patent status. Rather, the limitation was absence of a CLIA-approved testing service for genetic testing. We are not aware of enforcement actions for EOAD testing.
The most recent developments in LOAD genetic testing are its use in those with mild cognitive impairment and the new availability of direct-to-consumer testing. APOE testing has been considered for use in clinical trials that involve those with mild cognitive impairment, as a way to identify those most at risk of progressing to dementia. APOE genotype is also available direct-to-consumer through some genetic testing services and, as noted, using indirect markers of APOE status, through some "personal genomics" services.
Basic research
On the one hand, an argument can be made that patents were part of the mix of motivations that spurred innovation in Alzheimer research. Two books, Daniel Pollen's Hannah's Heirs and Rudolph E. Tanzi's Decoding Darkness, document the hypercompetitive races to trace the genetic origins of Alzheimer Disease. 16, 21 Some of the major competitors in these races found their way to the patent office with claims covering EOAD, transgenic models of AD, and other inventions related to the research. Inventors on various patents include Dr. Peter St. George-Hyslop of the Toronto group, Dr. Tanzi of Massachusetts General, Drs. Thomas Bird and Jerry Schellenberg of the University of Washington; Dr. Christine van Broekhoven (then of Antwerp; US 5525714 claiming an APP mutation), Dr. John Hardy (then of Imperial College, London; US 5877015, another APP mutation), and Dr. Allen Roses of Duke University, who concentrated on APOE for LOAD, as well as coinventors on their respective teams. From various accounts, there was intense animosity among the different research teams, and competition to discover and publish findings motivated the speed of AD research (A. Roses; T. Bird, University of Washington; R. Tanzi, Massachusetts General Hospital; D. Galas, formerly of Darwin Molecular when it collaborated with Drs. Schellenberg and Bird to sequence EOAD-associated genes and now at Battelle Memorial Institute; personal communications, 2007). Both publications and patents were pursued by the various competing laboratories. At least in the initial period of discovery, the patenting landscape encouraged research, or at least did not dramatically hinder it. Dr. Tanzi expressed concern about patent of Athena control of the A-beta protein patents in connection with AD (R. Tanzi, personal communication, 2007) .
Most of the researchers we interviewed expressed ambivalence about patenting, and none attributed the intensity of the races to patent priority. Rather, they stated that the races were driven by wanting priority of scientific discovery, prestige, scientific credit, and the ability to secure funding for additional research based on scientific achievement. If patents added "the fuel of interest to the fire of genius," in Abraham Lincoln's famous phrase, it was here at best a tiny pile of kindling at the outer margin of a large conflagration.
Having not found patents to be a significant impediment to research on AD, are patent benefits any clearer? Here again, it is difficult to argue that patents added much fuel to a fire that was already raging to hypercompetition. Indeed, Dr. Roses corrected us in the interview when we asked if one reason he sought a patent was to verify priority of his discovery associating APOE ⑀4 with elevated risk of AD. He said it was not a reason, but it was the only reason he sought a patent (A. Roses, personal communication, 2007) . According to those who were in the race, research would not have slowed without a patent incentive.
However, patents did provide a mechanism for academic research institutions to convey rights to Athena Diagnostics, which aggregated patent rights from disparate academic groups to become the main testing service for AD in the United States.
Athena Diagnostics' business interests cover the United States, Canada, and Japan, and it also does some testing for Europe. In several jurisdictions including the United States, Athena has collected rights to genetic tests for many neurological conditions, and it has a sales force that keys to neurologists and other brain disease specialists. Where Athena enforced its exclusively licensed patents against other diagnostic services, it is clear that alternative providers were reduced in number. 49 However, it is impossible to judge whether this has had an impact on clinical access, or even whether it has affected price (with the exception of APOE testing in Canada, which is listed for considerably less than the price of Athena from two providers).
The role of patents in AD testing is thus clear in the sense that it has enabled Athena Diagnostics to consolidate the testing market in the United States. Whether this is optimal for the U.S. health system as a whole is less clear.
Development and commercialization
Appendix 5 shows a pricing chart of all available AD testing in the United States and Canada. With the exception of preimplantation genetic diagnosis, Athena Diagnostics has been the only company offering APOE and PSEN1 screening since it became available, except the 8-month period when Smart Genetics operated with a sublicense. We found no indication that Graceful Earth has a license for APOE genotyping to assess AD risk, and ambiguity about APOE testing for cardiovascular disease (which would not infringe the patents) may enable some AD genetic testing for APOE without a license. Cardiovascular testing would be completely legitimate, whereas interpreting AD risk assessment or diagnosis from APOE genotyping would be difficult to detect. Within the past year, the Saint Louis center has offered APOE testing for cardiovascular purposes (St. Louis University Health Science Center, personal communication, 2007).
It remains to be seen if Duke or Athena will enforce the Duke patents against Graceful Earth or personal genomics firms. Unlike academic centers to which Athena has previously sent notification letters, Graceful Earth is not transparent about its process of AD testing, makes no mention of CLIA laboratory certification, and alongside its APOE screening also offers pet hair analysis and herbal supplements. 29 It did not receive a letter from the California Department of Health regarding regulation of direct-to-consumer testing, and the authors did not know whether the company received a letter from the Department of Health at New York. Therefore, Graceful Earth is not a major clinical service provider, and its direct-to-consumer model raises questions about regulation of direct-to-consumer companies, which are outside the scope of this case study.
Compared with prices in the Canadian centers, prices for APOE genetic testing at Athena and at the Saint Louis Center are higher. If the Canadian laboratories' prices accurately reflect production costs, then testing for APOE can be performed at a lower cost. Prices for health goods and services are lower in Canada across the board, however, so APOE testing is not an exception, but conforms to the rule.
Athena is the only available avenue for PSEN1, PSEN2, and APP testing. The $1675-$1970 price for PSEN1 is high relative to APOE genotyping, but it entails genomic sequencing, and this price is comparable with other full-sequence tests for BRCA, colon cancer genes, and spinocerebellar ataxias cited in other case studies. The cost of this testing is out of the financial range of many patients, especially when insurers will not cover "experimental" tests. We simply cannot judge the degree to which threat of patent enforcement explains other laboratories not offering testing for the very rare families with APP, PSEN1, and PSEN2 mutations, but it is likely that patent status is just one factor among others such as set-up costs, CLIA certification, ensuring reimbursement, and building a referral network.
Marketing
AD screening in the general population is not recommended at this time. Until recently, any testing for either EOAD or LOAD needed to be performed by physician referral, so marketing directly to consumers was a nonissue. Patents do seem to have an effect on marketing to physicians, as Athena has a sales force focused on neurologists for its AD tests, which are just a few among many genetic tests it offers for brain, muscle, endocrine, and nervous system disorders.
Patenting also affected health professional marketing indirectly, by using licensing as a tool for constraining clinical use. Dr. Roses said that a major reason Duke University decided to license exclusively to Athena was to ensure that APOE testing was done in compliance with professional standards (A. Roses, personal communication, 2007 , the end result of the exclusive patenting did ensure that testing complied with professional standards, at a time when concern was high that genetic screening for AD could cause fatalism and commercial incentives would militate to overutilization. This fear of widespread testing does not seem to have materialized, as research suggested that "consumers from our focus groups were not interested in testing that could provide neither predictive data nor a reasonably precise answer about their individual risk of developing AD at a particular age." 4 This suggests that demand would have been low in any event, but Athena's policy of requiring physician corroboration of dementia before genetic testing, as Duke University stipulated, was an additional check on testing outside professional standards.
More recently, companies such as Graceful Earth, Inc., and Smart Genetics began to offer testing directly to consumers. Smart Genetics is a unique case, because the firm transiently sublicensed from Athena. One of the authors (R.C.-D.) has sought confirmation that terms of the Duke license precluded sublicensing for risk assessment, and those terms were brought to the attention of Athena as a result of action by Allen Roses, the first inventor on the relevant Duke patents. Athena has always been a reference laboratory only available to physicians. 50 Sublicensing to Smart Genetics marked a departure from this policy of ensuring that only individuals with a high likelihood of AD were tested. Both Smart Genetics and Athena received significant press and media coverage from many audiences, including CBS-3, Parade magazine, USA Today, and Nature. 3, 22, 51, 52 Smart Genetics relied on research published in 2005 and conducted by the REVEAL study, which found that "preliminary analyses suggest that risk assessment and genotype disclosure did not adversely affect the psychological well-being of participants." 53 
Adoption by third-party payers
For AD, patents have not detectably helped or hindered the decisions by insurance companies to cover LOAD diagnosis using APOE genotype. Almost all major insurers and payers consider APOE testing experimental. In this situation, patents are irrelevant because the service is not covered as medically necessary.
One case in which patents might have an impact is with EOAD. Based on its coverage policy for APP and PSEN1, CIGNA HealthCare would also likely cover PSEN2 in "Volga German" family members at risk. Other payers do not have clear policies. However, other case studies suggest that so long as prices fall in the range of other genetic tests, patent status would affect access little (and in other cases, pricing has not been clearly associated with patent status).
The main effect of patents is to enable sole-provider consolidation of testing, which thereby indirectly links access to coverage and reimbursement (because access is then restricted to the contracts that a sole provider has with payers). If Athena has contracts for payment, then patients would pay a copayment rather than full cost. If not, patients would bear full costs unless Athena covers them through Athena Access (essentially free or very low cost testing) or its Patient Protection Plan (with 20% payment up front, but no further direct charges to patients, and refunds if third-party payers later reimburse Ͼ80%). The effect of patents is to block other services from filling in if Athena's own programs do not meet patient needs, precluding alternative laboratories from testing because of fear of patent infringement liability.
Consumer utilization
In the case of AD genetic testing, consumer utilization is complicated. Athena does not publicly report utilization rates for APOE, PSEN1, PSEN2, or APP testing (M. Henry, personal communication, 2007). Athena does report ApoE genotyping utilization to Duke, and presumably reports PSEN1, PSEN2, and APP testing use to the licensors as a part of its royalty agreements. Because no academic group is in a position to track those tested, this means Athena is in the best position to inform genetic epidemiology of EOAD and genetic risk of LOAD, but unlike Myriad Genetics for BRCA testing, it does not contribute much to the scientific or clinical literature.
The recent increase in direct-to-consumer testing and availability of personal genomics and eventually the broader use of sequencing are likely to increase the number of people who undergo testing, although it will often not be specifically about AD. As Science reported, APOE status was "the only genetic information that James Watson, the DNA discoverer who recently had his entire genome sequenced, kept secret." 54 Watson's stated purpose was to avoid learning this information himself. Lapidus 55 adopted this same stance for his "full genome" analysis as part of the Personal Genome Project, as did Pinker 56 in his January 2009 feature in the New York Times Magazine. It seems that at least for upper income white males past middle age with conspicuous public personae, APOE risk status is a special case.
The extent of testing is highly unpredictable and will likely depend in part on cost and in part on whether treatments are developed that might reasonably delay the onset of the disease. Patenting could affect access both through price and through single-provider status. And any litigation may also indirectly affect access by limiting the number of providers (but as noted, this does not necessarily imply loss of access). A single provider has strong incentives to advertise and expand market to the point of saturation. A single provider also benefits from establishing an informed network of users (both health professionals and those seeking testing) and securing payment agreements to cover testing with insurers and health plans.
Finally, increased consumer utilization may have an impact on long-term care insurance. In research to find the effect of AD on insurance-purchasing behavior, "Almost 17% of those who tested positive subsequently changed their long-term care insurance coverage in the year after APOE disclosure, compared with approximately 2% of those who tested negative and 4% of those who did
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